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Purpose: Wnt pathway is closely related to neurodevelopmental process associated with cognitive function. After administra-
tion of valproic acid to the pregnant mice, the effect of swimming exercise of pregnant mice on the memory, neuronal produc-
tion, and apoptosis of pups was studied in relation with Wnt/p-catenin signaling pathway.

Methods: On day 12 of pregnancy, mice were injected subcutaneously with 400-mg/kg valproic acid. The pregnant mice in
the control with swimming exercise group and in the valproic acid injection with swimming exercise group were allowed for
swimming for 30 minutes one time per a day, repeated 5 days per a week, during 3 weeks. Step-through avoidance task and
Morris water maze task for memory function, immunohistochemistry for 5-bromo-2’-deoxyuridine (BrdU)-positive cells and
western blot for brain-derived neurotrophic factor (BDNF), Wnt, B-catenin, Bcl-2 related X protein (Bax), B-cell lymphoma 2
(Bcl-2), cleaved caspase-3 were carried out.

Results: Maternal swimming exercise during pregnancy improved memory function, increased BDNF expression, and neu-
ronal proliferation in the valproic acid injected pups. Maternal swimming exercise during pregnancy suppressed Wnt expres-
sion and phosphorylation of 3-catenin in the valproic acid injected pups. Maternal swimming exercise inhibited Bax and
cleaved caspase-3 expression and increased Bcl-2 expression in the valproic acid injected pups.

Conclusions: Maternal swimming exercise during pregnancy improved memory function by increasing cell proliferation and
inhibiting apoptosis through Wnt/B-catenin signaling cascade activation in the valproic acid injected pups. Maternal swim-
ming exercise during pregnancy may have a protective effect on factors that induce autism in the fetus.
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e HIGHLIGHTS
- Injection of valproic acid to the pregnant maternal rats impaired memory function in the pups.
- Maternal swimming during pregnancy improved memory function via Wnt/B-catenin activation in the valproic acid injected pups.
- Maternal swimming during pregnancy also enhanced neurogenesis and inhibited apoptosis in the valproic acid injected pups.
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INTRODUCTION

Low birth weight and premature birth are implicated in a high-
er risk of impaired social interaction and communication in
adulthood [1]. Motor deficits are a specific subgroup of early
autism spectrum disorders [2]. Autism spectrum disorders are
neurodevelopmental disorders characterized by repetitive and
restrictive behavior in social interaction and communication
(3].

The Wnt pathway is closely related to neurodevelopmental
process associated and Wnt plays a variety of roles in cells by
regulating 3-catenin expression in the brain [4]. The Wnt sig-
naling pathway contributed to neurogenesis and synaptogenesis
by regulating downstream of the glycogen synthase kinase 3
beta (GSK-3p)/phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (Akt)/cyclic adenosine monophosphate response ele-
ment-binding protein [5,6]. In autism spectrum disorders, sig-
naling pathway of the Wnt/{-catenin was up-regulated, and this
up-regulated pathway of the Wnt/f-catenin induced aerobic
glycolysis through activation of 3-phosphoinositide-dependent
protein kinase-1 and monocarboxylate lactate transporter 1 [3].
Autism-induced hyperactivation of the Wnt/B-catenin signal-
ing cascade led to the activation of hypoxia-induced factor 1-a
via the downstream PI3K/Akt pathway [7,8]. Mitochondrial
dysfunction induced bipolar disorder and improving mito-
chondrial function was essential factor for long-term treatment
for this disorder [9]. Therefore, the various neurodevelopmen-
tal disorders observed in autism may be closely related to over-
activation of Wnt/p-catenin signaling cascade [3]. In the study
of genetic variation, children with autism showed disrupted
Wnt/B-catenin signaling cascade [10]. When valproic acid, a
GSK-3p inhibitor that interferes with the Wnt signaling path-
way, was administered to maternal rats, autism appeared in the
offspring [11].

Exercise is a major extrinsic factor that positively affects the
structural development and functional improvement of the
brain throughout life [12]. Exercise regulated neuronal prolifer-
ation, differentiation, and maturation by affecting brain-derived
neurotrophic factor (BDNF) expression and modulating down-
stream cellular signal cascades [13]. Exercise protected against
neuronal damage through therapeutic and neuroprotective ef-
fect for neurodegenerative disorders [14,15]. Exercise regulated
Wnt signaling pathway implicated in neuroprotection and syn-
aptic plasticity [16]. Swimming exercise in maternal rats during
pregnancy affected offspring brain development, especially in
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the hippocampus [17]. Maternal exercise during pregnancy im-
proved habituation behavior and spatial working memory and
increased BDNF level and new cell formation in the hippocam-
pus of offspring [18].

After administration of valproic acid to pregnant mice, the
effect of swimming exercise of pregnant mice on the memory,
neuronal production, and apoptosis of pups was studied in as-
sociation with Wnt/p-catenin signaling pathway. Step-through
avoidance task and Morris water maze task for memory func-
tion, immunohistochemistry for 5-bromo-2’-deoxyuridine
(BrdU), and western blotting for BDNE, Wnt, B-catenin, Bcl-2
related X protein (Bax), B-cell lymphoma 2 (Bcl-2), cleaved cas-
pase-3 were carried out.

MATERIALS AND METHODS

Experiment Animals

All experimental process was verified by the Institutional Ani-
mal Care and Use Committee of the Kyung Hee University, and
the following approval number, KHUASP(SE)-19-133, was ob-
tained. Bl6 mice in 10 weeks old (12 males, 24 females) were
used for mating. The female mice were intraperitoneally inject-
ed with BrdU (100 mg/kg, Sigma Chemical Co., St. Louis, MO,
USA) once a day, 5 days, before mating. After birth, the pups
were classified into 4 groups (n =10 in each group) according to
the maternal conditions: control group, control with swimming
exercise group, valproic acid injection group, and valproic acid
injection with swimming exercise group.

Valproic Acid Injection

To induce autism-like pup model, valproic acid (Sigma-Aldrich
Chemical Co., St. Louis, MO, USA) was dissolved in saline at
0.1-mL/kg concentration, and 400-mg/kg valproic acid was ad-
ministered subcutaneously to mice on day 12 of pregnancy, as
the previous mentioned method [19].

Swimming Exercise Protocol

As per the method described earlier [20], the pregnant mice in
the control with swimming exercise group and in the valproic
acid injection with swimming exercise group were allowed for
swimming for 30 minutes one time per a day, repeated 5 days
per a week, for 3 continuous weeks.

Step-Through Avoidance Task
As per the method described earlier [21], step-through avoid-
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ance task was done to detect short-term memory. Mice were
put in the light compartment in a box divided into dark com-
partment and light compartment. The door that divides the two
compartments opened and the mouse entered the dark com-
partment and then the door closed. Immediately after, foot
shock of 0.2 mA current and 2-seccond duration was applied
once. After 24 hours, the mouse was again put in the light com-
partment and the time from reopening the door to reentering
the dark compartment was measured (latency). Any time great-
er than 300 seconds was recorded as 300 seconds.

Morris Water Maze Task

According to the method described earlier [19], Morris water
maze task was performed to measure spatial working memory.
After immersing the mouse in a water bath, the mouse was
made to find a platform placed under the water. When the
mouse could not find the platform within 60 seconds, the ex-
perimenter using hand guided the mouse to the platform.
Upon arrival at the platform, the mouse was left to stay on the
platform for 30 seconds. Training using the platform was per-
formed 3 times a day during 5 consecutive days. Measurement
of time in probe quadrant around the platform via video track-
ing was performed 24 hours after training sessions. Memory
retention was judged by the time in probe quadrant around the
previous platform.

Tissue Preparation

The mice were sacrificed after the last Morris water maze task,
according to the method described earlier [22]. After anesthe-
tizing by intraperitoneal injection of Zoletil 50 (10 mg/kg, Vi-
bac Laboratories, Carros, France), the mice were infused with
50mM phosphate-buffered saline via heart. The mice were
treated with 4% paraformaldehyde in 100mM phosphate buffer
for fixation. The brains were removed, after that, the brains
were treated with same fixation solution. The brains were incu-
bated in the 30% sucrose solution. Sagittal sections with a thick-
ness of 40 um were prepared by freezing microtome (Leica,
Nussloch, Germany).

Immunohistochemistry for BrdU

As per the method described earlier [23], immunohistochemis-
try was performed to detect the number of BrdU- positive cells
in the dentate gyrus of hippocampus. Average 10 sections con-
taining hippocampal dentate gyrus were selected in each group.
The sections were applied to 1% H,O, for 30 minutes, and then
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treated with BrdU antibody (1:500; Roche, Mannheim, Germa-
ny) overnight. The sections were treated with biotinylated anti-
mouse secondary antibody (Vector Laboratories, Burlingame,
CA, USA) for 1 hour 30 minutes. To visualize the BrdU, the
sections were applied to the 50mM Tris-HCI (pH, 7.6) contain-
ing 0.03% diaminobenzidine, 40-mg/mL nickel chloride, and
0.03% H.O: for 5 minutes. Mouse antineuronal nuclei antibody
(1:1,000; Chemicon International, Temecula, CA, USA) was
processed following BrdU staining. The sections were incubat-
ed with a biotinylated anti-mouse secondary antibody, and then
applied to a reaction mixture containing 0.03% diaminobenzi-
dine and 0.03% H.O, for 5 minutes. The sections were placed
on gelatin-coated slides, and then after air drying overnight,
Permount (Thermo Fisher Scientific, Waltham, MA, USA) as
used for coverslips mounting onto the slides.

Western Blot Analysis

Western blotting was done, as per the earlier mentioned meth-
od [24,25]. Hippocampeal tissues were dissolved using lysis buf-
fer of protein. Color-determining protein assay kit (Bio-Rad,
Hercules, CA, USA) detected protein concentration. After sep-
aration of 20 pg of protein using a sodium dodecyl sulfate-
polyacrylamide gel, it was moved to a nitrocellulose membrane
(Schleicher & Schuell GmbH, Dassel, Germany). Anti-mouse
B-actin antibody (1:1,000; Santa Cruz Biotechnology, CA,
USA), anti-mouse Bcl-2 antibody (1:1,000; Cell Signaling Tech-
nology, Inc., Danvers, MS, USA), anti-rabbit Bax antibody
(1:1,000; Cell Signaling Technology), anti-rabbit cleaved cas-
pase-3 antibody (1:1,000; Cell Signaling Technology), anti-rab-
bit Wnt antibody (1:1,000; Cell Signaling Technology), anti-
rabbit B-catenin antibody (1:1,000; Cell Signaling Technology),
and anti-rabbit BDNF antibody (1:1,000; BDNEF; 1:1000; Cell
Signaling Technology) were chosen as the primary antibodies.
Horseradish peroxidase-conjugated anti-mouse antibodies
(1:3,000; Santa Cruz Biotechnology) for p-actin and Bcl-2 and
horseradish peroxidase-conjugated anti-rabbit antibodies (1:5,000;
Santa Cruz Biotechnology) for Bax, cleaved caspase-3, Wnt,
[-catenin, and BDNF were chosen as the secondary antibodies.
The determination of quantity of bands was done by enhanced
chemiluminescence detection system (Amersham Pharmacia
Biotech GmbH, Freiburg, Germany).

Statistical Analysis
Data analysis was done using IBM SPSS Statistics ver. 26.0 (IBM

Co., Armonk, NY, USA). One-way analysis of variance with
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Tukey post hoc test was done for comparison among the groups.
The results were expressed as the mean + standard error of the
mean. P-value less than 0.05 was considered significant.

RESULTS

Short-term Memory and Spatial Working Memory

Fig. 1 shows the results of step-through avoidance task and
Morris water maze task. The latency of step-through task and
the time in probe quadrant around the platform of Morris wa-
ter maze task were shortened in the pups of the valproic acid
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injection in comparison with the control pups (P <0.05). Swim-
ming exercise during pregnancy lengthened the latency of step-
through avoidance task and the time in probe quadrant around
the platform of Morris water maze task in the pups of the val-
proic acid injection (P <0.05).

Number of BrdU-positive Cells

The number of BrdU-positive cells in the hippocampal dentate
gyrus is presented in the Fig. 2. The number of BrdU-positive
cells in the hippocampal dentate gyrus was suppressed in the
pups of the valproic acid injection in comparison with the con-
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Fig. 1. Influence of swimming exercise on short-term memory and spatial working memory during pregnancy. Left panel: step-
through avoidance task. Right panel: Morris water maze task. CON, control group; CON+EX, control with swimming exercise group;
VAP, valproic acid injection group; VAP+EX, valproic acid injection with swimming exercise group. *P <0.05 in comparison with the
control group. “P <0.05 in comparison with valproic acid injection group.
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Fig. 2. Influence of swimming exercise during pregnancy on new cell formation in the hippocampal dentate gyrus. Left panel: photo-
micrographs of 5-bromo-2’-deoxyuridine (BrdU)-positive cells. The scale bar indicates 50 um. Right panel: the number of BrdU-pos-
itive cells in each group. CON, control group; CON+EX, control with swimming exercise group; VAP, valproic acid injection group;
VAP+EX, valproic acid injection with swimming exercise group. *P < 0.05 in comparison with the control group. “P <0.05 in compari-

son with valproic acid injection group.
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trol pups (P <0.05). Swimming exercise during pregnancy en- BDNF Expression

hanced the number of BrdU-positive cells in the pups of the Fig. 3 shows the expression of BDNF in the hippocampus.

valproic acid injection (P <0.05). BDNF expression was suppressed in the pups of the valproic
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Fig. 3. Influence of swimming exercise during pregnancy on brain-derived neurotrophic factor (BDNF) in the hippocampus. Left
panel: representative BDNF expressions. Right panel: relative expression of BDNF in each group. CON, control group; CON+EX,
control with swimming exercise group; VAP, valproic acid injection group; VAP+EX, valproic acid injection with swimming exercise
group. *P <0.05 in comparison with the control group. “P < 0.05 in comparison with valproic acid injection group
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Fig. 4. Influence of swimming exercise on Wnt/B-catenin pathway in the hippocampus. Upper panel: representative Wnt and
B-catenin expressions. Lower left panel: relative expression of Wnt in each group. Lower right panel: relative expression of phosphory-
lated B-catenin (p-p-catenin) in each group. CON, control group; CON+EX, control with swimming exercise group; VAP, valproic
acid injection group; VAP+EX, valproic acid injection with swimming exercise group. *P <0.05 in comparison with the control group.
P <0.05 in comparison with valproic acid injection group.
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Fig. 5. Influence of swimming exercise on Bcl-2 related X protein (Bax), B-cell lymphoma 2 (Bcl-2), and cleaved caspase-3 expres-
sions in the hippocampus. Upper left panel: representative Bax, Bcl-2, and cleaved caspase-3 expressions. Upper right panel: relative
expression of Bax in each group. Lower left panel: relative expression of Bcl-2 in each group. Lower right panel: relative expression of
caspase-3 in each group. CON, control group; CON+EX, control with swimming exercise group; VAP, valproic acid injection group;
VAP+EX, valproic acid injection with swimming exercise group. *P < 0.05 in comparison with the control group. “P <0.05 in compari-

son with valproic acid injection group.

acid injection in comparison with the control pups (P <0.05).
Swimming exercise during pregnancy enhanced BDNF expres-
sion in the pups of the valproic acid injection (P <0.05).

Whnt/B-Catenin Expressions

Fig. 4 shows the expression of Wnt and phosphorylation of
B-catenin in the hippocampus. Wnt expression and p-catenin
phosphorylation were enhanced in the pups of the valproic acid
injection in comparison with the control pups (P <0.05). Swim-
ming exercise during pregnancy suppressed Wnt expression
and B-catenin phosphorylation in the pups of the valproic acid
injection (P <0.05).

Bax, Bcl-2, Cleaved Caspase-3 Expressions

Fig. 5 shows the expression of Bax, Bcl-2, and cleaved caspase-3
in the hippocampus. Bax and cleaved caspase-3 expression was
enhanced and Bcl-2 expression was decreased in the pups of
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the valproic acid injection in comparison with the control pups
(P<0.05). Swimming exercise during pregnancy suppressed
Bax and cleaved caspase-3 expressions and enhanced Bcl-2 ex-
pression in the pups of the valproic acid injection (P <0.05).

DISCUSSION

Many studies reported that reduced memory function was ob-
served in the valproic acid-induced autism model [2,11,19].
Autism is a neurodevelopmental disorder characterized by re-
petitive behavior, leading to poor social interaction and cogni-
tive dysfunction [26,27]. Exposure to valproic acid delayed
growth and development and caused cognitive impairment or
neurological disorders [28]. Kataoka et al. [29] reported that
administering of valproic acid during pregnancy resulted in so-
cial interaction deficits, anxiety-like behavior, and memory im-
pairment at age 4-8 weeks in mice. In the current study, valpro-
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ic acid administration during pregnancy disturbed memory
function in the valproic acid injection pups. Meanwhile, mater-
nal swimming exercise during pregnancy improved memory
function in the valproic acid injected pups.

Valproic acid exposure during pregnancy increased apoptotic
nerve cell death in the neocortex and decreased neuronal cell
generation in the ganglionic eminence [29]. Enhancement of
neuronal generation via BDNF signaling cascade activated by
treadmill running improved short-term memory [21]. In the
current study, valproic acid administration during pregnancy
suppressed neuronal proliferation in the valproic acid injection
pups. Meanwhile, maternal swimming exercise during preg-
nancy enhanced neuronal proliferation in the valproic acid in-
jected pups.

Mice exposed to valproic acid revealed lower level of cortical
expression of BDNF mRNA and displayed delayed physical de-
velopment and impaired pre-weaning social behavior [30].
Treadmill running improved BDNF expression, which alleviat-
ed anxiety, depression and memory impairment caused by nic-
otine withdrawal in rats [23]. In the current study, valproic acid
administration during pregnancy reduced BDNF level in the
valproic acid injected pups. Meanwhile, maternal swimming
exercise during pregnancy effectively enhanced BDNF level in
the valproic acid injected pups.

In the autism spectrum disorders, the Wnt/(-catenin signal-
ing cascade was activated, and this Wnt/p-catenin signaling
cascade activation induced aerobic glycolysis that was less effi-
cient for adenosine triphosphate production [3]. In the mature
nervous system, the Wnt/p-catenin signaling cascade involved
in neuroprotection and synaptic plasticity was activated by
moderate exercise [16]. Treadmill exercise of pups exerted anti-
depressant effect on the maternal separation rat pups through
activation of Wnt signaling pathway [25]. In the current study,
valproic acid administration during pregnancy enhanced Wnt
expression and -catenin phosphorylation in the valproic acid
injected pups. Meanwhile, maternal swimming exercise sup-
pressed Wnt expression and -catenin phosphorylation in the
valproic acid injected pups.

Valproic acid acted directly on neurons and indirectly through
glial cells, affecting neuron survival/apoptosis balance and syn-
aptic plasticity [31]. Social isolation in the old rats enhanced
Bax expression and inhibited Bcl-2 expression, thereby showing
acceleration of apoptosis. Meanwhile swimming exercise in the
old rats suppressed Bax expression enhanced Bcl-2 expression,
showing inhibition of apoptosis [20]. Maternal exercise sup-
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pressed Bax and caspase-3 expression and increased Bcl-2 ex-
pression in the pups born from the obese and old maternal rats
[32]. In the current study, valproic acid administration during
pregnancy increased Bax and cleaved caspase-3 expression and
inhibited Bcl-2 expression in the valproic acid injected pups.
Meanwhile, maternal swimming exercise inhibited Bax and
cleaved caspase-3 expression and enhanced Bcl-2 expression in
the valproic acid injected pups.

In conclusion, maternal exercise during pregnancy improved
memory function by increasing cell proliferation and inhibiting
apoptosis through Wnt/[-catenin signaling cascade activation
in the valproic acid injected pups. Maternal swimming exercise
during pregnancy may have a protective effect on factors that
induce autism in the fetus.
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